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Abstract: Wave power (WP) is a strategic oceanic resource. Previous studies have exten-
sively researched the long-term variations in WP in the South China Sea (SCS) for energy
planning and utilization. This study extends the analysis of long-term trends to the last
year based on ERA5 (European Centre for Medium-Range Weather Forecasts Reanalysis
v5) reanalysis data from 1979 to 2024. Our results mainly indicate that the trends in WP
after 2011 are significantly different from those before 2011. Before 2011, the WP in the SCS
primarily showed an increasing trend, but, after 2011, it shifted to a decreasing trend. This
trend has seasonal differences, manifested as being consistent with the annual trend in
winter and spring while being inconsistent with the annual trend in summer and autumn.
It indicates that the opposite trend in WP before and after 2011 was mainly the result of
WP variations in winter and spring. To illustrate the driving factor for the WP’s variations,
the contemporary long-term trend of the wind fields is systematically analyzed. Analysis
results reveal that, regardless of seasonal differences or spatial distribution, the two trends
are consistent in most situations, indicating that wind fields are the dominant factor for the
long-term variations in WP. Meanwhile, the effects of the wind fields on the WP variations
can also be modulated by environmental factors such as oceanic swell propagation and
local topography. This study contributes to the knowledge of the latest trends and driving
factors regarding the WP in the SCS.

Keywords: wave power; wave energy resource; long-term trend; South China Sea; ERA5

1. Introduction

Wave power (WP) has essential strategic value in remote seas where laying power
grids is costly. By utilizing the vast and largely untapped energy from ocean waves,
WP can reduce reliance on traditional fossil fuels and provide a reliable and continuous
power supply [1-5]. It can offer green energy for observation equipment, oil drilling
platforms, ranches, and other offshore facilities. For example, WP can supplement the
energy requirements of remote islands [6,7], where conventional energy infrastructure is
often challenging to establish and maintain.

It is necessary to carry out systematic resource assessments before planning WP
deployment projects and designing the wave energy converters [2-5]. Take the South China
Sea (SCS), the largest marginal sea in the western Pacific, as an example; due to its unique
geographical characteristics and rich marine resources, many studies have been performed
to assess the richness and stability of WP resources, based on in situ observations, satellite
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data, and numerical models [6-16]. For example, numerical models reveal that the WP is
richest in the northern deep basin area of the SCS [8,11,12]. Meanwhile, it can be influenced
by shallow topography such as islands [6,12,13,15] and coastal regions [6,9,10,14,16]. As a
result, the WP exhibits significant seasonal and regional variations under the combined
effects of seasonal winds and shallow topography in the SCS, e.g., [14,15].

Because WP is a strategic oceanic resource, accessing the long-term development
trends is particularly important. Therefore, recent studies have increasingly paid more
attention to the long-term variations and their forcing driving mechanisms in the WP
assessment studies for the SCS [17-22]. For example, Ching-Piao et al. quantitatively
evaluated the variations in wave climate in the northwestern Pacific and Taiwan waters
based on a long-term wave dataset [17]. Zheng et al. proposed that the China Seas exhibited
a significant overall increasing trend in WP density for several decades, mainly before
2011 [18-20]. They point out that the rising trend in winter and spring is more substantial
than that in summer and autumn in the SCS [18]. Sun et al. focused on the WP trend in the
coastal regions of the China Seas, and their results emphasize the significantly increasing
trend in the northern coastal SCS during winter [21,22]. Liu et al. evaluated the long-term
variability in global WP and demonstrated the increasing WP results from the global climate
change and intensification of the Antarctic Oscillation [23]. Although the existing studies
have greatly enhanced our understanding of long-term characteristics and distribution
patterns for the WP in the SCS, most of the analysis focuses on a monotonic trend within
a limited period. Previous studies have pointed out that a WP peak appeared in 2011 for
the SCS (e.g., [18,19]); however, the long-term trend after this peak, especially its difference
compared to the trend before 2011, has still received limited attention.

Moreover, clarifying the driving factors behind the trends will help us understand the
variation mechanism and further predict WP. The SCS has a complex topography [24] and
a unique oceanographic environment [25], and the factors affecting WP variation should be
comprehensively considered. Previous studies have shown that the seasonal distribution
of and variation in the wind field are the main driving forces that cause the variance of
waves and WP. For example, Zheng et al. conducted a regionalization analysis of wind
and wave energy resources in the East China Sea and the SCS [26]; Wang et al. assessed
wave and wind energy in the Weifang Sea area over 20 years [27]; Dong et al. simulated
the wind and wave energy resources in the waters off the Yangtze River Delta [28]. Their
results reveal a close relationship between wind and wave energy. However, for the SCS, in
addition to wind forcing, the modulation of environmental factors such as topography and
background swells on the WP may also need to be considered. This is because, although
the direction of wind and waves changes seasonally with the monsoon, the swell energy
from the deep ocean that propagates from the northeast to the southwest throughout the
year always dominates [15,29]; in addition, complex topographic factors have a significant
impact on the wave dynamics and energy in local areas [12,13].

Based on the above considerations, this study extends the WP long-term trend analysis
to the most recent year. It systematically analyzes the spatial and seasonal distribution
characteristics of the trend in the SCS from 1979 to 2024. The study focuses on the differences
between the trends before and after 2011. Based on the results of the WP’s long-term
trend, the driving mechanisms of the trend are discussed in relation to the wind field’s
contemporary variations. Background environmental factors such as topography and swell
are combined into the discussion for the situations where trends in WP and winds are not
entirely consistent.
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2. Data and Methods
2.1. Data
2.1.1. Reanalysis Data

The European Centre for Medium-Range Weather Forecasts Reanalysis v5 (ERA5)
reanalysis data were employed to analyze the wave energy resources in the SCS. The data
consist of the fifth generation of global meteorological reanalysis products released by
the European Center for Medium-Range Weather Forecasts [30,31]. Parameters including
significant wave height (Hs) and energy period (Te) with a spatial resolution of 0.5° from
1 January 1979 to 31 December 2024, with a time resolution of 1 h, were obtained from the
product. The quality of ERA5 wave data has been thoroughly validated by different au-
thors [32,33]. This dataset has also been applied in various aspects, such as observation data
reconstruction [34], satellite data calibration [35], and wave energy resource analysis [15].

To discuss the dynamic reasons for the long-term trend in WP, the wind data from
the ERA5 dataset were employed to compare the spatiotemporal characteristics of the
wind fields with WP variations. There are many widely used wind field datasets provided
by satellite remote sensing observations or model assimilation reanalysis results [36-39].
The reason for choosing the ERA5 wind data in this study is that these data have enough
reliability and sufficient spatiotemporal coverage. Prior investigations from different
global regions have shown that the ERA5 wind field data match the performance of
other popular wind products, such as the NCEP version 2 coupled forecast system model
(CFSv2) and the satellite altimeter data [38,39]. In the SCS, the accuracy of ERA5’s wind
field data is similar to that of the products provided by satellite remote sensing data [36]
and the data assimilation system of the China Meteorological Administration [37]. More
importantly, ERA5 data have global coverage, including the entire SCS, with a horizontal
spatial resolution of 0.25°, and the data period can cover the whole analysis period from
1979 to 2024. It is vital to have sufficient time and space coverage for the wind data to
match the WP assessment results in this study.

2.1.2. Bouy Observations

In this study, the accuracy of ERAS reanalysis data in evaluating WP in the SCS was
further verified using in situ observations from a buoy. The buoy is located in the middle
of the southern SCS at a longitude of 130 °E and a latitude of 9.5 °N (Figure 1). It was
deployed by the South China Sea Institute of Oceanology, Chinese Academy of Sciences,
in 2020. Due to communication interruption, the buoy’s data remained interrupted for a
long time before 22 February 2021 and after 2 October 2021. For this reason, this study uses
data from 22 February to 2 October 2021, totaling more than seven consecutive months.
The results of comparing the observed data with the WP density calculated by ERA5 are
detailed in Section 3.1.
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Figure 1. (a) Topography and (b) climatological mean (1979-2024) of significant wave height in
the South China Sea (SCS), accompanied by the location of the buoy observation (black triangle)
employed in this study. The contour lines in (a) represent the 100 and 1000 m isobaths.
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2.2. Methods
2.2.1. Calculation of the Energy Density

Based on previous studies on WP assessments in different sea regions, e.g., [4,12,18],
the following equation was used to calculate the WP density (Pw):

Pw = pg>Hs*Te /641 (1)

where Hs is the significant wave height, Te is the wave energy period, g is the gravitational
acceleration, and p is the seawater density, which equals 1025 kg/m? in this study.

Due to data resolution of only 0.5°, and considering the spatial continuity of the wave
field, the Kriging method was used for interpolation when plotting the results. In the
resulting graphs, the actual resolution of the plot is 0.2°. All the graphs displaying spatial
distribution in this paper were made using the Surfer software version 11.0.642.

2.2.2. Determination of the Long-Term Trend

The annual and seasonal mean Pw of all spatial grids from 1979 to 2024 was calculated,
and then linear fittings were performed relative to the annual and seasonal mean Pw. The
slope obtained by the fitting was applied to represent the interannual variation trend in
WP at the corresponding locations and during the corresponding seasons. Linear fitting
methods offer substantial advantages in terms of computational simplicity and efficiency,
making them ideal for large-scale datasets and long-term trend research [40,41]. In practice,
the outcomes of linear fitting and other trend computations are generally identical [21];
nevertheless, it is a more straightforward computational process, making it a better choice
in many scenarios [42].

At the same time, the reliability of the trends was evaluated through correlation
analysis and p-value testing. The p-value was obtained by analyzing the correlation between
the mean Pw and the year series, which can be used to evaluate the significance of the
long-term trend.

Due to an impressive peak in the annual mean Pw that occurred in 2011 (see the results
in Section 3.2 below), this study further divides the data into two periods, 1979-2011 and
2011-2024, with an emphasis on the analysis of the differences in the WP’s interannual
trend in the two periods.

3. Results
3.1. Validity of ERA5 Data Applied in This Study

Pw was calculated using ERA5 and buoy-measured data. The comparison results
show that the Pw calculated using the ERA5 data agree with that calculated using the
buoy observation data (Figure 2). The observed data and computed results are highly
consistent regarding time series and scatter comparison. The matched scatters are close to
both sides of the 1:1 line. In addition, the baseline of the quantile-quantile plots is close
to the y = x line. Moreover, the two sets of calculated Pw are highly consistent in terms of
their histograms, probability density, and cumulative density. According to statistics, the
bias, MAE (mean absolute error), RMSE (root means square error), and SI (scatter index)
are only —0.36 kW/m, 0.95 kW/m, 1.44 kW /m, and 0.28, respectively. The correlation
coefficient (R) is as high as 0.94. These results suggest that the ERA5 reanalysis data are
reliable for calculating WP in the SCS in this study.
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Figure 2. Comparison of wave power density (Pw) between buoy observations and ERA5 data in
the form of (a) a time series, (b) a scatter diagram, (c) quantile-quantile plots, (d) a histogram, and
(e) probability density function (PDF) and cumulative density function (CDF) graphs.

3.2. Overall Characteristics of Interannual WP Variations

Based on the Pw results from 1979 to 2024, it is found that the Pw in the SCS has
significant annual and seasonal variations (Figure 3a). The WP is relatively high during
winter and is relatively low during summer and spring. The peak of the monthly average
Pw is about 20 kW /m during these years. By comparing the variations in the annual mean
values, it is found that the WP appears to have experienced a generally increasing trend
during the investigated 45 years (Figure 3b). As it can be seen from the figure, Pw reached
its peak in 2011. Before 2011, Pw showed an increasing trend, with a growth rate of about
52.5 W/m/a. The significant (p < 0.01) upward annual trends from 1979 to 2011 and from
1979 to 2024 are also confirmed by correlation analysis. Moreover, the results of this study
indicate that, during the past decade, from 2011 to 2024, the trend reversed, with a decline
rate of about 52.6 W/m/a (Figure 3b). The reversal of this trend needs special attention in
the future development planning of WP.
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Figure 3. Variations in the monthly and annual mean Pw in the SCS during 1979-2024.

If we regard 2011 as a turning point and further analyze the spatial characteristics of
the WP annual change rate, we can find that the spatial patterns of the WP’s long-term
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change rate are consistent with the climatological mean WP intensity in the SCS (Figure 4).
The spatial distributions in the figure reveal that the most apparent variation signal in
the trends, no matter the strengthening trend before 2011 or the decreasing trend after
2011, mainly extends southwestward from the West Pacific and across the SCS along the
deep-water basin.
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Figure 4. Spatial distribution of (a) the climatological mean (1979~2024) Pw in the SCS and the
interannual variation trend in Pw during (b) 1979~2024, (c) 1979~2011, and (d) 2011~2024, respectively.
The contour lines with numbers in (a) indicate the Pw values. The contour lines in (b-d) represent the
trend equal to zero.

3.3. Seasonal Characteristics of WP Interannual Variations

The data were further divided into four seasons: spring (MAM), summer (JJA), autumn
(SON), and winter (DJF), and then the interannual trend analysis from the previous section
was further performed (Figure 5). The results show that the WP in spring and winter
appears to have an upward trend before 2011 and a downward trend after 2011. The annual
variation trend in WP in winter and spring is consistent with the yearly average variation
trend of the SCS (Figure 2b). The upward trends in winter WP from 1979 to 2011 (p < 0.01)
and from 1979 to 2024 (p = 0.03) and spring WP from 1979 to 2011 (p < 0.01) appear to be
significant, with low p-values. The rising trend before 2011 and the falling trend after 2011
in winter are more potent than those recorded in other seasons. However, the WP trends in
summer and autumn remain continuously downward and upward, respectively, from 1979
to 2024. Both trends after 2011 became more substantial than those before 2011 (Figure 4).

Further analysis of the spatial distribution of WP trends in the four seasons is presented
in Figure 6. The figure shows that, for any statistical periods or seasons, the spatial patterns
of the Pw trend are similar to those of the climatological mean Pw and the annual trends
(Figure 4). The high-value areas of the trends always extend from the northeast to the
southwest of the SCS (Figure 6). Section 3 presents the seasonal and spatial distribution
of the long-term trend in WP. In the following Section 3, we focus on discussing the inner
driving mechanisms behind these long-term trends.
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Figure 5. Annual variations and trends in the seasonal mean Pw in the SCS from 1979 to 2024.
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Figure 6. Spatial distribution of the interannual variation trend in Pw in the SCS in the four seasons
during 1979-2024, 19792011, and 2011-2024, respectively.

4. Discussion

4.1. Effects of Seasonal Wind Fields on WP Variation

The above results reveal that the long-term trend in WP in the SCS from 1979 to 2024
can be divided into two parts: the increase from 1979 to 2011 and the decline from 2011
to 2024 (Figures 3 and 4). The increased trends before 2011 obtained in this study are
consistent with previous studies with respect to magnitude [18-20] and spatial distribution
characteristics [11,12,18] of the trends. The main difference between this study and previous
ones is that we extend the trend analysis to the most recent years and point out that the
long-term trend in WP from 2011 to 2024 is opposite to the trend before 2011.
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In recent years, due to climate change, wind fields in the Western Pacific, and even
in the rest of the world, have changed interannually [19,43—45]. Studies have shown that
the increase in the frequency of strong winds is the main reason for the rising global wave
height and WP trend [19,20,44]. Considering that the wind field is an essential driving
factor for waves, the relationship between the variation trend in WP and the wind fields is
further discussed in this section. Dominated by seasonal monsoons, the sea surface wind
field is controlled by the strong northeasterly monsoon in winter and the northeasterly
monsoon in summer (Figure 7). By analyzing the interannual variation of the wind field
in the SCS, it can be found that the annual and seasonal variation trends in wind speed
are generally consistent with WP variation. Figure 8 shows that the wind fields appear to
have an increasing trend before 2011 and a decreasing trend after 2011 in different seasons.
Whether before or after 2011, the variation in wind fields and WP is consistent (Figures 3b
and 5). For example, wind speeds showed downward trends in summer from 1979 to 2011
and from 2022 to 2024; WP also exhibited such a trend.

7
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Figure 7. Climatological means (1979-2024) of (a) annual wind speed cycle and (b—e) monthly wind
fields in the SCS in April, July, October, and January.

Further analysis of the spatial distribution of wind variations in the SCS is shown in
Figure 9. By comparing this figure with Figure 6, it can be found that the WP and wind
speed trends are in good agreement in terms of spatial distributions, regardless of the
season and decade from which they were computed. For example, Figure 9 shows that the
overall weakening trend in the autumn wind field in 2011-2024 (Figure 8) is mainly the
result of the weakening wind field in the southern SCS. The wind field appears to have
an increasing trend in the northern SCS, a phenomenon which is entirely consistent with
the trend in WP (Figure 6). These consistencies further demonstrate that wind-forcing
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variations can be the direct factor behind the WP variations over the 45 years investigated

in this study.
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Figure 8. Variations and trends in the annual and seasonal mean wind speed in the SCS from 1979

to 2024.
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Figure 9. Spatial distribution of the interannual variation trend in the wind speed in the SCS in the
four seasons during 1979-2024, 1979-2011, and 2011-2024, respectively.



J. Mar. Sci. Eng. 2025, 13,524

10 of 13

4.2. Modulation of the Background Swell in Relation to the WP Variation

Although the wind fields in the SCS controlled by monsoons exhibit seasonal varia-
tions, the swells introduced from the Pacific always propagate from northeast to southwest
throughout the year [12,29]. Our results also reflect the consistency between the long-term
trend in WP and the propagation direction of swells (e.g., Figures 1b, 4a and 6). In this study,
one notable phenomenon of the WP trends is that the high-value areas, regardless of the
increasing trend during 1970-2011, 1979-2024, or the decreasing trend during 2011-2024,
always extend from the northeast to the southwest of the SCS (Figures 4 and 6), such areas
being aligned with the swell propagation pattern. In addition, the area with the highest
trends appears to be located, in most cases, around the Luzon strait, where oceanic swells
from the Western Pacific propagate into the SCS, in agreement with the results reported in
previous studies, e.g., [12,18]. These phenomena mainly result from the regulatory effect of
oceanic swells on the variation in WP in the SCS.

Another notable result is that the long-term trends in WP in winter and spring are
consistent, but those in summer and autumn are inconsistent with the annual trend (Figure 3
vs. Figures 4 and 5 vs. Figure 6), indicating the vital contribution of these two seasons to
the annual variations in WP. Note that, in winter and spring, the direction of wind vectors
in most areas of the SCS is consistent with the direction of wave propagation, which is
toward the southwest (Figure 7). In these circumstances, the variations in the wind field
may form a combined effect with the swell, leading to a further increase in the impacts on
the trends in WP.

Furthermore, it is worth noting that the long-term trend in the wind of 2011-2024 and
the WP trend are inconsistent in their spatial distributions in the summer and winter. In both
seasons, the wind fields in the northern SCS showed an increasing trend (Figure 9), while
the WP showed a decreasing trend (Figure 6). The anomalies in the seasonal wind fields
of 2011-2024 relative to their climatological seasonal means are illustrated in Figure 10
to explain the inconsistency. The figure reveals that it is probably due to the effects
of the southwestward swells and local topography combined with the wind anomalies.
For example, in the summer of 2011-2024, the abnormal wind field blowing toward the
northeast was opposite in direction to that of the swells (Figure 10), so that the increase
in wind speed may have weakened the WP. In the winter of 2011-2024, abnormal wind
strengthening occurred around the northern coastal regions with shallow water (Figure 10),
a phenomenon which may have attenuated wave energy [12,13]. Therefore, the effects of
wind strengthening on waves may be limited. Previous studies have shown that, under
specific environmental conditions, the interannual variations in WP are sensitive to the
changes in speed and direction of winds [46,47]. Our results further confirm this sensitivity
and indicate that the influence of swell and topography may be coupled with the effects
of winds.

2011~2024 anomaly in summer 2011~2024 anomaly in winter
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Figure 10. The 2011-2024 anomalous seasonal wind fields relative to the climatological seasonal
means in summer and winter.
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5. Conclusions

Based on the ERA5 (European Centre for Medium-Range Weather Forecasts Reanalysis
v5) reanalysis data for 45 consecutive years from 1979 to 2024, this study systematically
evaluates the interannual variation trend in wave power (WP) in the South China Sea (SCS).
Based on the wind field data, the driving mechanism of the long-term WP trend is further
discussed. The results can be summarized as the following points of conclusions.

(1) Although the WP experienced a general, long-term, increasing trend from 1979 to
2024, there was a remarkable turning point in 2011. Before 2011, the WP mainly exhibited
an increasing trend, but such a trend reversed after 2011.

(2) The WP trend has remarkable seasonal and spatial variation characteristics. Sea-
sonally, the trends in winter and spring are consistent, while the trends in summer and
autumn are inconsistent with the annual trend. Spatially, the high-value area of the trend
mainly extends from the northeast to the southwest over the deep basin.

(3) The variations in wind fields are the direct forcing factor leading to the long-term
variation in WP. Meanwhile, the background swells propagating from the Western Pacific
and the local shallow topography can also play essential roles in the modulation of the
WP’s variation trend.

This study contributes to the continuously updated research on wave energy resources
and their long-term trends in the SCS by extending the trend analysis to the most recent
year. The results emphasize the opposite long-term trend in WP before and after 2011, and
the mechanism can be related to coupled effects combining dynamic and environmental
factors. However, our study still has limitations regarding the mechanisms by which global
climate change affects wind fields and swells. Therefore, the complexity of the long-term
variation in WP should be fully considered, and the mechanism for the variations still
needs to be further clarified in future studies.
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SI Scatter index
R Correlation coefficient
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